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1
WIDE AREA SEISMIC DETECTION

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The present invention relates to methods and apparatus
for wide area detection, analysis and monitoring of seismic
events and especially to use of existing communications
infrastructure.

(2) Description of the Art

In areas which are prone to earthquakes, monitoring for
tremors, i.e. seismic waves may be routinely performed. The
detection of seismic waves can be used in an earthquake
warning system. The monitoring may involve detecting
seismic waves above a certain magnitude threshold that are
propagating toward sensitive areas such as population cen-
tres or important installations and infrastructure. Detection
of shock waves of significant magnitude before they reach
the sensitive area may allow a short time for precautionary
measures to be taken. If sufficient time is available personnel
may be evacuated from high risk areas and/or assembled in
specially protected areas. Trains could be slowed or stopped
and bridges closed to traffic. Equipment presenting an explo-
sion, fire or pollution risk or other hazard if damaged in an
earthquake, such as oil and gas pipelines for example, could
be shut down.

Detection and monitoring of a series of minor shocks can
also be used by seismologists in attempting earthquake
prediction and may allow identification of periods of
elevated earthquake risk.

Seismic data acquired during an earthquake can be useful
for determining the likelihood of damage to infrastructure
such as bridges, dams and the like. The data is also useful for
seismologists for use in modelling earthquakes.

Monitoring of seismic data in coastal regions may also be
performed as part of a tsunami warning system.

Earthquake warning systems generally require a relatively
large number of seismic sensors such as seismographs,
accelerometers, geophones etc. which are deployed over a
wide area with high speed communications links to a control
centre. This can involve a significant number of sensors
deployed over a wide area and, in some cases, in different
countries.

SUMMARY OF THE INVENTION

It is an aim of the present invention to provide methods
and apparatus for seismic monitoring over a wide area.

Thus according to the present invention there is provided
method of monitoring for seismic events comprising inter-
rogating at least one optical fibre within a communications
infrastructure with optical pulses so as to provide at least one
optical fibre distributed acoustic sensor and monitoring the
signal from said at least one distributed acoustic sensor for
seismic activity.

The method of the present invention uses one or more
optical fibres to provide distributed acoustic sensing and
monitors the signals generated by the or each optical fibre
distributed acoustic sensor to detect seismic events. Optical
fibre distributed acoustic sensing is a known technique
whereby optical pulses are launched into the fibre and the
radiation backscattered from within the fibre is detected and
analysed using optical time domain reflectrometry (OTDR)
techniques. By analysing the radiation Rayleigh backscat-
tered within the fibre, the fibre can effectively be divided
into a plurality of contiguous discrete sensing portions.
Within each discrete sensing portion mechanical vibrations
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of the fibre, for instance from acoustic sources, cause a
variation in the amount of radiation which is backscattered
from that portion. This variation can be detected and ana-
lysed and used to give a measure of the intensity of distur-
bance of the fibre at that sensing portion. As used in this
specification the term “optical fibre distributed acoustic
sensor” will be taken to mean an optical fibre which is
interrogated optically to provide a plurality of discrete
acoustic sensing portions distributed longitudinally along
the fibre. The step of interrogating the at least one optical
fibre with optical pulses so as to provide an optical fibre
distributed acoustic sensor therefore comprises the steps of,
for the or each fibre: launching a series of optical pulses into
said fibre and detecting radiation Rayleigh backscattered by
the fibre; and processing the detected Rayleigh backscat-
tered radiation to provide a plurality of discrete longitudinal
sensing portions of the fibre.

GB Patent Application No. GB2,442,745 describes a
method of interrogating an optical fibre to provide an optical
fibre distributed acoustic sensor. The method described
therein may be used in the method of the present invention
and the contents of GB2,442,745 are hereby incorporated by
reference thereto. This patent application describes that by
interrogating an optical fibre with pairs of optical pulses
having a frequency difference between each pulse in the pair
and by demodulating the returned signal at the appropriate
frequency difference an acoustic signal corresponding to a
specific section of fibre can be obtained.

An optical fibre distributed acoustic sensor such as
described in GB2,442,745 can be implemented using a
standard optical fibre. In other words no modifications are
needed to the fibre to provide a fibre suitable for distributed
acoustic sensing. Inhomogeneities normally present within
the fibre act as scattering sites for Rayleigh backscattered
radiation.

In the method of the present invention the optical fibres
used are within a communications infrastructure, i.e. they
form at least part of a communications infrastructure and
have been provided for the purposes of communication.
Thus typically these fibres will form part of an existing
infrastructure and thus will already be in position. The
method of the present invention thus lies partly in the
realisation that optical fibres deployed as part of a commu-
nications infrastructure such as a communications network
or the like can be used to provide optical fibre distributed
acoustic sensing and that such optical fibre distributed
acoustic sensors can be used to detect seismic events and
provide wide area detection and monitoring for large scale
seismic events. A large scale seismic event is an event, such
as an earthquake that causes strong seismic waves that
propagate over a large distance or wide area, i.e. areas of
tens of kilometers or hundreds of kilometers or more.

Often in highly populated areas there are existing widely
deployed networks of optical fibre telecommunications
cable. By arranging some of these fibres as optical fibre
distributed acoustic sensors a wide area can be provided
with sensors using the existing communications infrastruc-
ture.

However it is possible that new communications infra-
structure involving optical fibres may be provided and at
least one of such optical fibres used to provide a distributed
acoustic sensor. With this in mind it is possible that the path
of the new optical fibres may be arranged with a view to
providing a useful path for seismic monitoring.

Optical fibre distributed acoustic sensors, as mentioned,
rely on radiation backscattered from the fibre. As the amount
of radiation backscattered is relatively low, and the back-
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scattered radiation will be attenuated during the return trip
through the fibre, the effective length of the distributed
acoustic sensor may be less than the total length of the fibre.
Optical fibre distributed acoustic sensors based on Rayleigh
backscattering typically demonstrate a linear optical
response within the fibre and so the intensity of the inter-
rogating pulses is restricted by a threshold beyond which
non-linearity would occur. The effective range within the
fibre is therefore partly determined by the duration of the
interrogating pulses. The duration of the pulses also has an
impact on the basic spatial resolution of the sensor, i.e. the
spatial size of the discrete longitudinal sensing portions.

Optical fibre distributed acoustic sensors with a basic
spatial resolution of about 10 m have been achieved with
lengths of up to 40-50 km or so. In other words, interroga-
tion of a fibre from one end of the fibre can provide up to 50
km of discrete sensing portions of the fibre, each sensing
portion being about 10 m in length. A fibre longer than 50
km could be interrogated from each end, in this way a fibre
of up to 100 km in length could be used to provide a
continuous sensor with a spatial resolution of 10 m. Using
longer pulses can extend the length of fibre which forms part
of the sensor at the expense of a basic spatial resolution
having a longer sensing portion. However, for monitoring
for large scale seismic events a longer sensing portion may
be acceptable (and may even reduce the amount of process-
ing required).

It will therefore be clear that a single optical fibre can be
used to provide a sensor of up to 50 km or more in length
with discrete sensing portions distributed along that length.
Several such sensors can easily provide wide area coverage.
The present method therefore has the advantage of providing
a relatively long chain of distributed acoustic sensing por-
tions using a sensor comprising a single optical fibre.
Several such sensors can be employed to provide a moni-
toring network for seismic events utilising existing commu-
nications infrastructure.

Preferably the method therefore comprises providing a
plurality of optical fibre distributed acoustic sensors. Using
a plurality of sensors increases the territorial coverage and
increases the likelihood that a seismic event will be detected
in sufficient time to generate a warning and can aid in
detecting large scale seismic events.

As the skilled person will appreciate a large scale seismic
event such as an earthquake will generate different seismic
waves. Typically an earthquake will generate P and S body
waves and also may generate some surface waves such as
Rayleigh or Love waves.

P and S waves are different types of body waves. P waves,
often called primary or pressure waves, are longitudinal or
compressive waves that propagate by compressing material
in the direction of travel of the wave. P waves can travel
through solids as well as gases and liquids. S waves, often
called secondary or shear waves, are transverse waves that
can propagate through solid materials only.

P and S waves travel at different speeds through material
with the S waves having a propagation speed about 0.6 times
that of the P wave in any given medium. Although the
absolute speed of propagation depends on the medium the
relative speed remains roughly constant in most materials.
Thus, from any remote event that generates both P and S
waves, the P waves will arrive first. The surface waves are
typically slower still with Love waves having a slightly
faster propagation than Rayleigh waves but both propagat-
ing at speeds of the order of 0.9 times the speed of S waves.

In an earthquake both P and S body waves will be
produced but typically the S waves will have the greater
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magnitude and tend to be the most destructive. The surface
waves can also be destructive. Detection of the P wave can
therefore be used as warning of an earthquake and detection
of the P wave can give a short period of warning before
arrival of the potentially more destructive S wave and
surface waves.

Depending on the arrangement of the or each optical fibre
distributed acoustic sensor, the P wave will be detected as a
relatively high intensity disturbance which affects several
discrete sensing portions in sequence. In other words if a P
wave from a particular source impinges on a particular fibre
it may cause a disturbance in various sections of the fibre in
a particular sequence. For example imagine a linear fibre
with a P wave incident from the side. In a first time period
the P wave may impinge on a first sensing portion, with a
resulting relatively large amplitude disturbance being
detected at this point. In a following time period the P wave
may reach the sections of fibre on either side of the first
sensing portion. In subsequent time periods the wave may
impinge on sections further and further away from the first
section. For a large scale seismic event, such as an earth-
quake with destructive potential, it will be expected that the
P wave will be detectable across a large portion of the
sensing fibre.

Thus a relatively large disturbance affecting several dis-
crete sensing portions of the fibre may be indicative of a
large scale seismic event. If other optical fibre distributed
acoustic sensors in the area also experience a similar dis-
turbance this may be taken as indication of arrival of a P
wave. If the intensity of the disturbance is above a certain
threshold this may be used to generate a warning. Thus the
method may comprise detecting a pattern of disturbances in
several discrete sensing portions of at least one optical fibre
distributed acoustic fibre.

The method may comprise detecting the direction of
propagation of the seismic wave, for example by detecting
disturbances in two separate optical fibre distributed acous-
tic sensors that relate to propagation of the same seismic
wave. The method may also comprise estimating the loca-
tion of the origin of the seismic wave, for instance by
comparing the relative time of arrival of the seismic wave at
three or more locations (that are not co-linear). Estimating
the location of the seismic wave may allow an estimate of
the time remaining before arrival of the potentially destruc-
tive S body wave. Additionally or alternatively the time of
arrival of the S wave may be estimated based on previously
detected seismic events.

The method may therefore provide generating one or
more alarms when a seismic wave above a certain intensity
threshold is detected. One or more alarms may be automati-
cally relayed to important or sensitive locations.

The arrival of the S body wave may be separately
detected. The S wave will arrive after the P wave and will
cause disturbances in the same optical fibre distributed
acoustic sensors as the P wave and in substantially the same
order. The P and S waves will generally have the shaped
wavefront, although geographical variations in the consti-
tution of the underlying ground/rock may mean that there
are small variations between the incident wavefronts of the
P and S waves. Thus the subsequent S wave will cause
disturbances in substantially the same sensing portions of
the optical fibre distributed acoustic sensors in substantially
the same order as the P wave, albeit with a slower rate of
evolution due to the slower propagation speed of the S wave.
Detection of a second series of disturbances related to a first
series of disturbances can therefore be used to as an indi-
cation of seismic waves. If an alarm is not generated on the
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basis of detection of the P wave alone, separate detection of
the S wave can be taken as confirmation of a large scale
seismic event and used to generate an alarm.

As the method of the present invention makes use of
optical fibres within an existing communications infrastruc-
ture the possible arrangement of the optical fibres used to
provide distributed acoustic sensors is determined by the
arrangement of the communications links.

Preferably a plurality of optical fibres are used as optical
fibre distributed acoustic sensors with the choice of the
relevant fibres used being such to provide the best possible
discrimination of incident seismic waves. For example the
optical fibres implemented as distributed acoustic sensors
preferably includes at one fibre where at least part of the
fibre runs in a different direction to at least part of another
fibre, e.g. one fibre with a substantial north-south direction
may be used as a distributed acoustic sensor and another
fibre with a substantial east-west direction may also be used.
The optical fibres chosen to use as distributed acoustic
sensor may be selected to provide a certain density of
sensors or a maximum distance between sensors.

Conveniently, when monitoring an area of importance,
such as a population centre or the like, at least part of at least
one optical fibre distributed acoustic sensor lies towards the
periphery or outside of the main area of importance to
provide as much warning as possible. If the likely source of
an earthquake epicentre is known, optical fibres which lie
between the fault zone and the area of importance may
preferentially be provided as optical fibre distributed acous-
tic sensors, although having optical fibre distributed acoustic
sensors surrounding the area of importance in at least three
different directions may be preferred to provide as early
detection as possible of seismic waves incident from any
direction.

Whilst the present invention conveniently makes use of
existing communications infrastructure one or more addi-
tional optical fibre distributed acoustic sensors forming part
of a wide area seismic monitoring network may use optical
fibres which have been specifically arranged in a location
solely for the purposes of distributed acoustic sensing. For
example if the existing communications infrastructure has
an obvious geographical gap in the coverage one or more
fibres could be laid in such areas to improve the overall
coverage of the network.

The optical fibres within the existing communications
infrastructure may comprise optical fibres comprising part of
an optical fibre bundle used for telecommunications. The
optical fibre may be a fibre that is used normally for
telecommunications and the optical pulses used for distrib-
uted acoustic sensing may be time division multiplexed with
communications traffic. It will be appreciated that in time
division multiplexing sufficient time should be allowed
during the periods allocated to distributed acoustic sensing
for a round trip for an interrogation pulse to and from the
most distant sensing portion of the fibre. This may represent
a relatively long time window used for distributed acoustic
sensing and may significantly impact on the amount of data
traffic transmitted through the fibre. Thus time division
multiplexing may be acceptable for optical fibres with
relatively low amounts of data traffic but it may not be
appropriate for an optical fibre used for large amounts of
data transfer. Further time division multiplexing means that
the distributed acoustic sensor has periods when no sensing
is performed, introducing a small potential delay into detec-
tion of a seismic wave.

Preferably therefore the optical fibre used for the distrib-
uted acoustic sensor is an otherwise unused optical fibre in
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the bundle, i.e. a dark fibre. When installing optical fibre
communications links it is common practice to include one
or more optical fibres in the bundle than are currently
required. The costs of physically installing the fibre bundle,
e.g. burying it in the ground are significant compared to the
cost of additional optical fibres and thus additional fibres are
typically included to provide headroom for increased data
traffic and redundancy in the event of failure of an individual
fibre. Thus many optical fibre links are provided via fibre
optic bundles that contain one or more unused optical fibres.

The communications infrastructure could be part of a
general telecommunications network or could be a dedicated
point to point link. In some instances the optical fibre could
be associated with a particular installation. For instance oil
and gas pipelines are often laid with optical fibres running
the length of the pipeline for communication and control.
Such optical fibres could be used to provide distributed
acoustic sensing to monitor for seismic events, as part of a
wide area network and/or as part of a specific warning
system for the pipeline.

As well as providing warning of a large scale seismic
event the method of the present invention allows identifi-
cation of large scale seismic events, for example for purpose
of'analysis. As described above the P and S waves associated
with a large scale seismic event can be detected and used to
determine the origin of the event. Thus the epicentre of an
earthquake may be located and data regarding the seismic
waves recorded for later analysis.

The difference in time of arrival of the P and S waves at
two or more different discrete longitudinal sensing portions
may be used in determining the origin of the seismic waves.
Although the absolute velocity depends on the material that
the waves are propagating through, S waves generally
propagate at a speed about 0.6 times the speed of the P
waves. If there is a first time difference between detection of
the P wave and subsequent detection of the S wave at a first
discrete sensing portion and a second time difference
between the times of arrival at the P and S waves at a second
discrete portion, the ratio of the first and second time
differences may be assumed to also be the ratio between the
distances of the first and second sensing portions from the
origin. By looking at the time differences from a number of
different sensing portions the origin of the P and S waves
may be determined. It should be noted however that if the
fibre is substantially rectilinear the determination of origin
may have some ambiguity associated with it. The method
may also comprise using the shape of at least one of the first
and second wavefronts to determine the origin of the P and
S waves.

The method may also comprise analysing data from other
sources of seismic data, such as dedicated seismographs or
accelerometers Data from various sources may be combined
to help detect the seismic event and/or to determine an
appropriate response. For instance if a seismic wave is
detected by the at least one distributed acoustic sensor the
data from a seismograph or accelerometer may be analysed
to determine an indication of magnitude. If the magnitude is
above a certain threshold an alarm may be generated.

Detection of the seismic waves in certain areas may allow
an estimation of the likelihood of damage in certain areas
For example if at least part of an optical fibre distributed
acoustic sensor runs through or close to a significant area,
for instance the location of a power plant or a bridge or the
like, following a significant seismic event the data in the
vicinity of the significant area may be analysed to determine
the amount of disturbance experienced.
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In addition the method may comprise the step of, follow-
ing a significant seismic event, comparing an acoustic pro-
file obtained after the seismic event with an acoustic profile
obtained before the event.

An optical fibre, especially one which is buried for
instance, will, in normal operation, detect many disturbances
in the discrete sensing portions of the fibre due to ambient
noise and vibrations. Whilst this ambient noise may be
transitory the overall level of ambient noise tends to be
constant, although noise from man made sources such as
industrial activity or road noise may vary during the course
of'the day. For instance road noise may be at a constant high
level during morning or evening rush hour and a minimum
during the middle of the night.

The noise and vibrations will be transmitted to the fibre
via the material surrounding the fibre, such as the ground,
and the nature of the material will determine the degree of
attenuation etc experienced. Variations in the constitution of
the ground along the length of the fibre will lead to different
responses along the length of the fibre.

Thus an acoustic profile of the ground along a length of
the fibre can be taken by integrating the acoustic response
from the length of the fibre over a short period of time to
reduce the effects of transients. This acoustic profile can be
used to determine any changes in ground condition. Com-
paring the acoustic profile obtained from a length of fibre
with a baseline acoustic profile obtained from the same
length of fibre can allow any significant changes in condition
of the ground to be observed. For example if there is a
significant difference in the average intensity recorded in
several adjacent sensing portions of fibre in the two profiles
this may be indicative of a significant change in the ambient
noise or a change in the ground conditions in that area. To
reduce the effect of significant changes in ambient noise the
acoustic profiles may be categorised according to various
acoustic situations, e.g. working day—rush hour, working
day—mnon rush hour, non-working day, night etc. and the
appropriate baseline profile used. Further the baseline acous-
tic profiles may be generated from the results of profiles
generated at several different times.

Detecting a change in ground conditions can be especially
important following an earthquake. Earthquakes can occa-
sionally cause ground liquefaction where the vibration
caused by the earthquake causes the ground to change state
to from a solid or aggregate, such a soil, to a state having a
liquid consistency. Buildings or structures built on ground
that liquefies can sink into the ground and/or collapse.
Further, earthquake damage may result in cracks or voids in
previously solid materials such as concrete structures and
the like.

Such changes in the material within which the fibre is
embedded will alter the propagation of vibrations within the
material and thus will show up as a change in the acoustic
profile in the relevant section of the fibre. Thus the method
may involve, following a seismic event, obtaining an acous-
tic profile from one or more of the optical fibre distributed
acoustic sensors and comparing the profile to an appropriate
baseline profile for that sensor. Any significant changes may
be flagged as a potential indication of damage and used to
highlight an area to be investigated.

Clearly if the earthquake causes widespread damage to
the area the acoustic profile is likely to be significantly
different. However if the perceived damage is light or
non-existent the acoustic profiling may identify areas where
damage may have occurred but is not immediately apparent.
This method of using an optical fibre distributed acoustic
sensor to determine changes in an acoustic profile following
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a large scale seismic event as indications of possible damage
represents another aspect of the invention and may be
implemented even if wide area detection and monitoring for
seismic activity is not performed for the purposes of advance
warning.

The method of monitoring for seismic activity may be
used to detect significant seismic events other than earth-
quake tremors. Large explosions will also create significant
seismic waves. Thus the method of the present invention
may be used to identify large scale explosions. The method
may thus be useful in detecting for Nuclear Explosion tests
and/or monitoring compliance with test bans.

Whilst the method has been described in terms of inter-
rogating one or more fibres it will be appreciated that the
optical fibre distributed acoustic sensors may be widely
deployed and some may deployed in different countries. In
another aspect therefore the present invention provides a
method of detecting large scale seismic events comprising
receiving the results from a plurality of optical fibre distrib-
uted acoustic sensors and processing the results to detect
large scale seismic events. Preferably the or each optical
fibre distributed acoustic sensor comprise an optical fibre
which is within a communications infrastructure, i.e. forms
part of an existing communications infrastructure.

The method may involve receiving all measured data
from the optical fibre distributed acoustic sensors. In other
words the raw backscatter data is received and processed to
determine the acoustic response from the sensing portions of
the fibre. Thus the step of receiving the results may comprise
receiving data corresponding to a plurality of measurements
of detected light which is Raleigh backscattered following
repetitively launching a series of optical pulses into an optic
fibre The step of processing the results may therefore
comprise analysing the data to determine a measure of
disturbance for a each of a plurality of discrete longitudinal
sensing portions of each optic fibre and analysing said
measures of disturbance to detect a seismic wave.

Alternatively the data may be processed to provide the
response from the discrete sensing channels prior to being
received in which case the step of receiving the results
comprises receiving data corresponding to a measure of
disturbance for a each of a plurality of discrete longitudinal
sensing portions of each optical fibre. The step of processing
the results thus comprises analysing said measures of dis-
turbance to detect a seismic wave.

The method of this aspect of the invention has all of the
same advantages and provides all of the same benefits as the
first aspect of the invention and may be used with any of the
embodiments described previously.

In another aspect the present invention provides a network
of sensors for detecting seismic events comprising a plural-
ity of optical fibre distributed acoustic sensors, and at least
one controller arranged to receive data from each of the
plurality of optical fibre distributed acoustic sensors and
analyse said data to detect a seismic event. At least one of
the plurality of optical fibre distributed acoustic sensors may
comprise an optical fibre within a communications infra-
structure, i.e. an optical fibre used for communications or
forming part of a bundle of fibres used for optical commu-
nications.

The network of this aspect of the present invention again
offers the same advantages as described above in relation to
the other aspects of the same invention and any of the
methods described may be implemented using the network
of this aspect of the invention.

In general the present invention relates to the use of at
least one optical fibre comprising part of an existing optical
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communications infrastructure for fibre optic distributed
acoustic sensing to provide seismic monitoring for large
scale seismic events.

Any feature in one aspect of the invention may be applied
to other aspects of the invention, in any appropriate com-
bination. In particular, method aspects may be applied to
apparatus aspects, and vice versa.

Furthermore, features implemented in hardware may gen-
erally be implemented in software, and vice versa. Any
reference to software and hardware features herein should be
construed accordingly.

DESCRIPTION OF THE DRAWINGS

The invention will now be described by way of example
only with respect to the following drawings, of which:

FIG. 1 illustrates the basic components of a distributed
fibre optic sensor;

FIG. 2 a plurality of distributed acoustic sensors accord-
ing to an embodiment of the present invention;

FIG. 3 illustrates the principle of wide area seismic
detection; and

FIG. 4 shows the data from an optical fibre distributed
acoustic sensor during an earthquake; and

DESCRIPTION OF THE INVENTION

FIG. 1 shows a schematic of a distributed fibre optic
sensing arrangement. A length of sensing fibre 104 is con-
nected at one end to an interrogator 106. The output from
interrogator 106 is passed to a signal processor 108, which
may be co-located with the interrogator or may be remote
therefrom, and optionally a user interface 110, which in
practice may be realised by an appropriately specified PC.

The sensing fibre 104 can be many kilometers in length,
and in this example is approximately 40 km long. The
sensing fibre is a standard, unmodified single mode optic
fibre such as is routinely used in telecommunications appli-
cations. In conventional applications of optical fibre distrib-
uted acoustic sensors the sensing fibre is at least partly
contained within a medium which it is wished to monitor.
For example, the fibre 104 may be buried in the ground to
provide monitoring of a perimeter or monitoring of a buried
asset such as a pipeline or the like.

In operation the interrogator 106 launches an interrogat-
ing optical signal, which may for example comprise a series
of pulses having a selected frequency pattern, into the
sensing fibre. The optical pulses may have a frequency
pattern as described in GB patent publication GB2,442,745
the contents of which are hereby incorporated by reference
thereto. As described in GB2,442,745 the phenomenon of
Rayleigh backscattering results in some fraction of the light
input into the fibre being reflected back to the interrogator,
where it is detected to provide an output signal which is
representative of acoustic disturbances in the vicinity of the
fibre. The interrogator therefore conveniently comprises at
least one laser 112 and at least one optical modulator 114 for
producing a plurality of optical pulse separated by a known
optical frequency difference. The interrogator also com-
prises at least one photodetector 116 arranged to detect
radiation which is backscattered from the intrinsic scattering
sites within the fibre 104.

The signal from the photodetector is processed by signal
processor 108. The signal processor conveniently demodu-
lates the returned signal based on the frequency difference
between the optical pulses such as described in GB2,442,
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745. The signal processor may also apply a phase unwrap
algorithm as described in GB2,442,745.

The form of the optical input and the method of detection
allow a single continuous fibre to be spatially resolved into
discrete sensing lengths. That is, the acoustic signal sensed
at one sensing length can be provided substantially inde-
pendently of the sensed signal at an adjacent length. The
spatial resolution may, for example, be approximately 10 m,
which for a 40 km length of fibre results in the output of the
interrogator taking the form of 4000 independent data chan-
nels.

In this way, the single sensing fibre can provide sensed
data which is analogous to a multiplexed array of adjacent
independent sensors, arranged in a linear path. Data can be
acquired from all sensing lengths or data channels substan-
tially simultaneously, and therefore by taking a series of
readings over time, a 2D data array can be produced.

FIG. 2 shows an embodiment of the present invention
suitable for monitoring for earthquakes, or other large scale
seismic events, wherein a plurality of optical fibre distrib-
uted acoustic sensors are implemented using existing com-
munications infrastructure. In FIG. 2 a first communications
node 202q is connected to a first fibre optic bundle 2034 in
a first location. The communication node 202a¢ may be a hub
in a communications network or an endpoint in such a
network or the endpoint of a point to point fibre communi-
cations link. Communication node 202a transmits and/or
receives data via one or optical fibres in the fibre optic
bundle 203¢ in accordance with standard optical telecom-
munications. Fibre bundle 2034 as therefore previously been
deployed, preferably buried underground, between the loca-
tion of communications node 202a and a remote location,
which could be many tens or kilometers away.

In this embodiment however one optical fibre 104a of the
bundle 203a is also connected to an interrogator 106a as
described above. The interrogator operates as described
above and thus uses fibre 104a of bundle 2034 as the sensing
fibre in a optical fibre distributed acoustic sensor.

Preferably the optical fibre 1044 is an otherwise unused
fibre in the bundle 2034, a so called dark fibre, however if
no fibres in the bundle are otherwise unused, or there is only
a single optical fibre in the bundle, the same fibre 104a may
be used by both communications node 202a and interrogator
1064 at different times.

Similarly a second communications node 2024 is con-
nected to a second fibre optic bundle 2035 for optical
communication. Second communications node 2025 may be
co-located with communications node 202a, for instance in
a network hub point or relay station, however node 2025
may be in an entirely different location to node 202a.

Again one of the fibres 1045 of the bundle 2035 is
connected to an interrogator 1065 and thus fibre 1045 also
acts as a sensing fibre in a optical fibre distributed acoustic
sensor.

The data from the distributed acoustic sensors is trans-
mitted to a central controller 201. This data link may
implemented using any suitable communications link, e.g.
RF communication, optical communication (possibly via the
same optical communications network, i.e. interrogator
106a may pass the received data to the communications
node 2024 for transmission via a different fibre of the bundle
203a) or other data network. The data link should be high
speed however because delays in data transmission will
reduce the amount of warning time available. In the embodi-
ment shown the interrogator 106a transmits the raw data to
a remote signal processor 108a which may be co-located
with the controller 201 or may be at some intermediate
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location. This requires the transfer of relatively large
amounts of data. Alternatively the signal processor could be
co-located with the interrogator. This allows a large amount
of the signal processing to be done locally and thus the
amount of data to be transferred may be reduced. Indeed
data may only be transferred to the controller under certain
conditions, e.g. signals above a certain threshold and/or
signals matching a particular characteristic. However this
required a suitably fast processor to be located near to each
interrogator.

The controller receives the data, whether pre-processed or
not, and analyses the data from all the distributed acoustic
sensors to detect seismic patterns indicative of an earthquake
above a certain magnitude. In the event such signals are
detected an automatic alarm 204 is generated and transmit-
ted to various locations. The alarm may be automatically
broadcast to allow people evacuate high risk areas and/or
assembled in safe zones. The alarm may allow transit
authorities to slow or stop trains and other public transport
and close vulnerable or high risk infrastructure such as
bridges. Alarms may be sent to power stations or other
industry to take precautions against fire, explosion or pol-
Iution risk, e.g. oil and as pipelines might be temporarily
shut down. The skilled person will appreciate that a wide
range of measures may be taken based on the likely amount
of time and the expected magnitude.

This embodiment of the present invention exploits the fact
that distributed acoustic sensing can be implemented using
standard, unmodified telecoms optical fibre and that in
populated areas there may well be a widely deployed optical
fibre network.

FIG. 3 shows illustrates a hypothetical map illustrating
the principles of the invention. In FIG. 3 a population centre
is located within area 301. This population centre is located
in the vicinity of a known fault zone represented by line 302.
Area 301 is therefore located in an area with possible
earthquake risk. Within the area 301 of the population centre
there may be various fibre optic links 305 providing com-
munications links between various institutions and/or an
optical fibre communications network.

Also shown in FIG. 3 is an installation of importance 303.
This may be a power station or power distribution station.
An optical fibre communications link 304 may be provided
with this installation. Alternatively the installation could
form part of an oil or gas pipeline infrastructure and the
communication link 304 may be provided along the line of
the pipeline.

As well as several local optical fibre links there are a
plurality of longer distance optical links 306, 307 and 308,
for longer distance optical communication.

According to an embodiment of the present invention at
least some of these exiting optical fibre communication links
are used for distributed acoustic sensing as described above
with reference to FIG. 2.

Within area 301 representing the main population centre
there is a relatively high density of fibre links. Several of
these optical fibre links could be implemented as distributed
acoustic sensors, preferably the appropriate links being
chosen to provide a reasonable territorial coverage and
preferably involving significant lengths of fibre arranged in
different directions, e.g. one of the generally north-south
links could be chosen along with on of the generally
east-west links.

In the event of an earthquake occurring with an epicentre
around the fault zone 302 seismic waves will propagate
toward the area 301 of the population centre. Wavefronts
309 represent the progression of the wavefronts over time
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(generally circular wavefronts are shown for ease but the
skilled person will appreciate that the wavefronts will gen-
erally have more complex forms and the wavefronts will be
shaped by the properties of the ground through which they
propagate).

As the skilled person will appreciate an earthquake will
typically generate P and S body waves and also R and L
surface waves. P waves, often called primary or pressure
waves, are longitudinal or compressive waves that propagate
by compressing material in the direction of travel of the
wave. P waves can travel through solids as well as gases and
liquids. S waves, often called secondary or shear waves, are
transverse waves that can propagate through solid materials
only.

P and S waves travel at different speeds through material
with the S waves having a propagation speed about 0.6 times
that of the P wave in any given medium. Although the
absolute speed of propagation depends on the medium the
relative speed remains roughly constant in most materials.
Thus, from any remote event that generates both P and S
waves, the P waves will arrive first. The surface waves tend
to travel slightly slower than the S waves, at about 0.9 times
the speed of the S wave.

In an earthquake the most destructive seismic waves are
the S body waves and the surface waves. Detection of the P
waves can therefore be used as warning of an earthquake
before the more destructive S waves and surface waves
arrive.

The detection of the P wave by distributed acoustic
sensors within area 301 may therefore be used to generate an
earthquake warning.

In use the distributed acoustic sensors implemented
within area 301 will detect various vibrations from a variety
of noise or vibration sources. Some noise or vibration
sources will be localised in some parts of the fibre and some
noise or vibration sources will be transient in nature whereas
other may be more constant. A P wave due to a significant
earthquake will cause vibration of the majority of the fibres
however and the propagation of the P wave will cause a
particular pattern of disturbances. Thus a series of significant
disturbances affecting all the distributed acoustic sensors
within area 301 within a time period consistent with propa-
gation of a P wave may be used as an indication of a seismic
event and an alarm may be generated.

The amount of time provided by the alarm will obviously
depend on a number of factors including the distance from
the epicentre of the earthquake, the type of ground and hence
the propagation speed of the seismic waves and any pro-
cessing delays. In the hypothetical example shown in FIG.
3 the area 301 is about 100 km from the epicentre of the
earthquake. P waves have a speed of about 5000 m/s in rock
such as granite. Thus the P waves will arrive about 20 s after
the initial earthquake event (ignoring the depth at which the
seismic wave is generated). The S waves will travel at about
3000 km/s and thus will arrive about 33 s after the initial
event, or approximately 13 s after the P waves. Thus the
maximum amount of warning before any S waves arrived
would be 13 s.

In addition, or as an alternative, to using the fibre links
within area 301 however the long distance fibre links may be
used. The long distance fibre links provide a greater length
of sensing fibre and thus may allow better characterisation of
the disturbances.

Further the long distance links may extend into an area
which allows advance warning of incident seismic waves. If
the earthquake epicentre is most likely expected in the
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region of fault zone 302 fibres 308 and 306 may detect the
seismic waves before they even reach the population area.

Fibre 308 may be interrogated by an interrogator based in
node 310 say. The length of fibre that can be interrogated
will depend on various factors including the duration of the
optical pulses used to interrogate the fibre, which determines
the basic spatial resolution of the sensing fibre. Using a
spatial resolution of the order of 10 m or so, i.e. each discrete
sensing portion of the fibre is 10 m or so long, a length of
up to about 50 km can be interrogated, i.e. the fibre up to
about point 311 could acts as an optical fibre distributed
acoustic sensor. It will be appreciated that this would allow
detection of the depicted earthquake event significantly
earlier. Detection of a significant disturbance over the last 10
km of fibre say could be used to generate an alarm. Thus the
P wave could be detected approximately 40 km away from
the population area, or approximately 8 seconds earlier,
giving a warning time of just over 20 s before the S wave
reaches area 301.

Longer than 50 km of sensing may be achieved by using
longer interrogation pulses, with a consequent increase in
spatial size of the sensing portions of fibre. For detecting
seismic events a longer spatial size may be acceptable, or
even beneficial and thus much longer lengths of fibre may be
sensed.

Of course if there were a relay station or the like in the
long distance fibre, such as at position 312 interrogators
could be located at the relay station and used to monitor the
fibre in both directions from the relay station. In some
instance it may be beneficial to actually dig up the fibre
bundle at a particular point to add an interrogator in a desired
part of the fibre path.

As the seismic waves propagate the location of the
epicentre may be determined. For instance the time of arrival
of the seismic waves at different parts of fibres 308 and 306
may be used to determine the epicentre. From such deter-
mination an estimate of time of arrival of the S waves may
be determined.

During the course of the seismic event the S wave may be
subsequently detected and may be used to confirm that a
large scale seismic event is occurring.

The present invention relies partly on the ability of optical
fibre distributed acoustic sensors to allow detection of
seismic waves. FIG. 4 shows an actual plot of signal returns
from a single optical fibre distributed acoustic sensor during
an earthquake of magnitude 4.0 with an epicentre close to
the sensing fibre. FIG. 4 shows a waterfall plot where time
is plotted on the y-axis, distance along the fibre on the x-axis
and acoustic amplitude is illustrated by the intensity of the
data point. The optical fibre was interrogated with pulses
that resolved the fibre into about sensing portions of 10 m in
length.

It can be seen from FIG. 4 that the incidence of the P wave
can be clearly distinguished as a first series of disturbances
that initial are detected at channels around 2400. As, in this
instance each channel represents a 10 m section of fibre, this
corresponds to a distance of about 24 km along the fibre
length. The disturbance then spreads to the neighbouring
channels as time progresses. It can be seen from the left hand
side of the plot that the onset of the disturbances follows a
line of roughly constant gradient indicating a propagation
speed.

A short time later, only a few seconds in this case, the S
wave arrives and a new series of disturbances with a greater
intensity are detected. The S wave arrives whilst the P wave
effects are still evident, however the S wave can be made out
as a variation in intensity that affects several channels of the
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sensor over time, and is emphasised by the superimposed
dashed line. It can be seen from FIG. 4 that the S wave has
the same general point of incidence on the fibre and spreads
in generally the same manner as the P wave, but that the
slope of the S wave is steeper, indicating a slower propa-
gation speed.

It will therefore be appreciated that seismic waves can
have significant effects on a optical fibre distributed acoustic
sensor and that the P and S waves due to an earthquake can
be separately detected.

Once the initial seismic waves have been detected and any
necessary alarms generated the data recorded during the
course of the earthquake may be detected and analysed, for
instance to identify areas of particularly intense disturbances
that may have been damaged.

After the seismic waves have passed an acoustic profile
from one or more optical fibre distributed acoustic sensors
may be compared with a suitable baseline acoustic profile
acquired from before the seismic event.

In normal operation each discrete sensing portion of the
distributed acoustic sensor will respond to even gentle
vibrations transmitted through the surrounding material
ground such as the ground. In monitoring for earthquakes
and the like responses below a certain threshold may be
ignored as the signals of interest will cause significant
vibration. However the response to ambient noise may be
monitored and may be used to determine an acoustic profile
for the sensor. An acoustic profile comprises the averaged
intensity of detected disturbances over a short period of
time. Averaged signals are used to remove the effects of
short term transients.

The acoustic profile therefore gives a picture of the
average acoustic level for each section of the sensing fibre.
This will depend on the general level of ambient noise and
also the material surrounding the fibre—i.e. how much it
attenuates vibration etc.

To account for the fact that the ambient noise level may
change at different times, e.g. industrial noise may be less
during the night, roads may be less busy etc. various
different categories of baseline profile may be acquired for
different times of day. Different profiles may also be
acquired based on the weather conditions as wet ground for
instance may have different acoustic properties to dry
ground.

After a seismic event has been detected a new acoustic
profile may therefore be acquired and compared to an
appropriate baseline profile. Any significant changes in the
material within which the fibre is embedded should result in
change in the acoustic profile. For instance if the ground in
one area has undergone liquefaction the acoustic profile in
that area will be expected to change. Thus comparison of the
new acoustic profile with the baseline profile may highlight
areas where manual inspection for damage should be per-
formed.

It will be noted that each feature disclosed in the descrip-
tion, and (where appropriate) the claims and drawings may
be provided independently or in any appropriate combina-
tion.

The invention claimed is:
1. A method of monitoring an area of interest for an
earthquake comprising:

operating at least one distributed acoustic sensor interro-
gator unit connected to an optical fibre communications
infrastructure to provide fibre optic distributed acoustic
sensing on one or more optical fibres of said optical
fibre communications infrastructure,



US 9,435,902 B2

15

wherein each distributed acoustic sensor interrogator unit
is connected to a respective optical fibre within a
respective optical fibre bundle of said communications
infrastructure and at least one other optical fibre of said
optical fibre bundle is connected to a communications
node operating to transfer data which is not related to
monitoring the area of interest via the optical fibre
bundle; and

processing signals detected by said at least one distributed

acoustic sensor interrogator unit to detect signals
indicative of an earthquake.

2. A method as claimed in claim 1 wherein operating said
at least one distributed acoustic sensor interrogator unit
comprises, for each distributed acoustic sensor interrogator
unit: interrogating said optical fibre connected to the dis-
tributed acoustic sensor interrogator unit with optical pulses
s0 as to provide an optical fibre distributed acoustic sensor
producing a measurement signal from each of a plurality of
discrete longitudinal sensing portions of said fibre.

3. A method as claimed in claim 1 wherein interrogating
the optical fibre with optical pulses so as to provide the
optical fibre distributed acoustic sensor comprises the steps
of:

launching a series of optical pulses into said fibre and

detecting radiation Rayleigh backscattered within the
fibre; and

processing the detected Rayleigh backscattered radiation

to provide said plurality of discrete longitudinal sensing
portions of the fibre wherein the size of said discrete
longitudinal sensing portions depends on the optical
pulses and processing applied.

4. A method as claimed in claim 1 wherein said at least
one optical fibre distributed acoustic sensor interrogator unit
is arranged to provide monitoring for earthquakes in an area
which is a least 10 kilometers wide.

5. A method as claimed in claim 1 wherein the discrete
longitudinal sensing portions of each optical fibre has a
spatial size in a range of 10 m to 100 m.

6. A method as claimed in claim 1 wherein at least one
optical fibre forming the communications infrastructure that
is used to provide an optical fibre distributed acoustic sensor
comprises an optical fibre that is also used for telecommu-
nications, and wherein optical pulses used for distributed
acoustic sensing are time division multiplexed with com-
munications traffic within the optical fibre.

7. A method as claimed in claim 1 wherein the method is
performed at the same time that the existing communica-
tions infrastructure is also being used for communicating
data not related to seismic monitoring.

8. A method as claimed in claim 1 wherein at least one
optical fibre forming part of the communications infrastruc-
ture that is used to provide an optical fibre distributed
acoustic sensor comprises an optical fibre within an optical
fibre bundle used for telecommunications.

9. A method, as claimed in claim 1, comprising detecting
a seismic event, and comparing an acoustic profile obtained
after the seismic event with an acoustic profile obtained
before the event.

10. A method as claimed in claim 1 wherein processing
signals detected by said at least one distributed acoustic
sensor interrogator unit comprises detecting an incident P
wave by detecting a pattern of disturbances in several
discrete sensing portions of at least one optical fibre distrib-
uted acoustic sensor.
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11. A method as claimed in claim 8 wherein said at least
one optical fibre within an optical fibre bundle is an other-
wise unused optical fibre in the bundle.
12. A method as claimed in claim 9 wherein the acoustic
profile is acquired by integrating the measurement signals
from the plurality of discrete longitudinal sensing portions
of the fibre over a period of time.
13. A method as claimed in claim 10 including determin-
ing the direction of propagation of the P wave, said method
comprising providing a plurality of optical fibre distributed
acoustic sensor interrogator units, and detecting distur-
bances in at least two separate optical fibre distributed
acoustic sensor interrogator units that relate to propagation
of the same seismic wave.
14. A method as claimed in claim 10 comprising estimat-
ing the time remaining before arrival of an S body wave.
15. A method as claimed in claim 10 comprising gener-
ating one or more alarms when an incident P wave above a
certain intensity threshold is detected.
16. A method as claimed in claim 10 further comprising
detecting an incident S wave.
17. A method of monitoring for seismic events compris-
mg;
interrogating a plurality of optical fibres with optical
pulses so as to provide a plurality of optical fibre
distributed acoustic sensors, each optical fibre distrib-
uted acoustic sensor producing a measurement signal
from each of a plurality of discrete longitudinal sensing
portions of said fibre;
monitoring said measurement signals from said plurality
of distributed acoustic sensors for seismic activity
wherein said plurality of optical fibres are part of an
existing communications infrastructure provided for
the purpose of communicating data not related to
seismic monitoring wherein at least one fibre config-
ured such that at least part of said fibre runs in a
different direction to at least part of another fibre; and

interrogating at least one further optical fibre with optical
pulses so as to provide at least one optical fibre dis-
tributed acoustic sensor, wherein said at least one
further optical fibre does not form part of said com-
munication infrastructure and which is arranged in a
location solely for the purposes of distributed acoustic
sensing.

18. A method of monitoring for seismic events comprising

interrogating at least one optical fibre with optical pulses

so as to provide at least one optical fibre distributed
acoustic sensor, each optical fibre distributed acoustic
sensor producing a measurement signal from each of a
plurality of discrete longitudinal sensing portions of
said fibre; and

monitoring said measurement signals from said at least

one distributed acoustic sensor for seismic activity
wherein said at least one optical fibre is part of an
existing communications infrastructure provided for
the purpose of communicating only data not related to
seismic monitoring, wherein monitoring said measure-
ment signals from said at least one distributed acoustic
sensor for seismic activity comprises detecting an
occurrence of an earthquake and wherein said at least
one optical fibre is deployed in an area of interest
including a population centre and the method com-
prises, upon detecting the occurrence of an earthquake,
providing an earthquake warning alarm to the popula-
tion centre.



